Male genital structures are among the most rapidly evolving morphological traits and are often the only features that can distinguish closely related species. This process is thought to be driven by sexual selection and may reinforce species separation. However, while the genetic basis of many phenotypic differences have been identified, we still lack knowledge about the genes underlying evolutionary differences in male genital organs and organ size more generally. The claspers (surstyli) are periphallic structures that play an important role in copulation in insects. Here we show that natural variation in clasper size and bristle number between Drosophila mauritiana and D. simulans is caused by evolutionary changes in tartan (trn), which encodes a transmembrane leucine-rich repeat domain protein that mediates cellcell interactions and affinity differences. There are no fixed amino acid differences in trn between D. mauritiana and D. simulans but differences in the expression of this gene in developing genitalia suggest cis-regulatory changes in trn underlie the evolution of clasper morphology in these species. Finally, analysis of reciprocal hemizyotes that are genetically identical, except for which species the functional allele of trn is from, determined that the trn allele of D. mauritiana specifies larger claspers with more bristles than the allele of D. simulans. Therefore we have identified the first gene underlying evolutionary change in the size of a male genital organ, which will help to better understand the rapid diversification of these structures and the regulation and evolution of organ size more broadly.
Introduction
The morphology of male genitalia can differ dramatically even between very closely related animal species (1) . In Drosophila mauritiana males, for example, the size, shape and bristle morphology of the claspers (surstyli), posterior lobes (epandrial posterior lobes) and anal plates (cerci) are strikingly different from those of its sister species D. simulans and D. sechellia (Fig. 1) . Moreover, these differences have evolved in only the last 240,000 years since these species last shared a common ancestor (2) (Fig. 1a ).
As in other animal groups (1, (3) (4) (5) , morphological variation of genital structures is thought to have been driven by sexual selection (6) , but the mechanism(s) (female choice, sperm competition or sexual antagonism (5) ), and its contribution to reproductive isolation between populations and species, has been difficult to address and resolve both theoretically (7) (8) (9) as well as experimentally (10, 11) . Genetic manipulation of the evolved loci would allow us to test directly the effect of male genital divergence on mating behaviour and reproductive fitness and therefore facilitate the empirical study of these questions (12, 13).
However, although quantitative mapping studies of morphological differences in male genitalia between species of the D. simulans clade were first carried out more than three decades ago (14-21), the genetic basis of male genital divergence between these species has remained elusive. This is due, at least in part, to the large number of loci found to contribute to variation in size and shape of these structures (18, 19, 21) .
The claspers are periphallic structures with an essential role in grasping and proprioception of the female, and in securing genital coupling (12, [22] [23] [24] [25] [26] [27] . Previously, we found that multiple loci contribute to variation in clasper size and bristle number between D. simulans and D. mauritiana (19) . Here we describe mapping and functional experiments that strongly suggest that cis-regulatory changes in trn underlie differences in clasper morphology between these two species.
Results and Discussion
Previously, we identified two regions on the left arm of chromosome 3 that contribute to differences in clasper size and bristle number between D. mauritiana and D. simulans (19) .
Here, we have generated new recombinant introgression lines (ILs) between the D. mauritiana D1 (Dmau D1) and D. simulans w 501 (Dsim w 501 ) strains ( Supplementary File 1) to increase the resolution of one of these regions, C2, from approximately 3.5 Mb (24) to 177 kb. This interval explains about 16.3% of the difference in clasper size (and 37.9% of clasper bristle number) between the two parental strains ( Fig. 2 and Supplementary File 2a and 2b) . 5 The claspers of lines that are homozygous for introgressed D. mauritiana DNA in C2 are larger than those of natural strains of D. simulans (Extended Data Fig. 1 ). The change in clasper size caused by differences in C2 is therefore outside the range of variation in clasper size in D. simulans, suggesting that C2 underlies interspecific divergence between D. mauritiana and D. simulans and not merely intraspecific polymorphism in clasper size in either or both of these species.
C2 contains eight protein-coding genes with orthologs in D. melanogaster. RNA-Seq data suggests that only one of these genes, tartan (trn), is expressed in the terminalia of D. File 4) . In addition, we knocked-down CG11279 and capricious (caps) -a gene that also encodes a leucine-rich repeat transmembrane protein closely related to trn and that functionally overlaps with trn in some contexts (28-34). These two genes flank C2, but their cis-regulatory sequences may still be within this region ( Fig.   2a ). We found that while knockdown of trn significantly reduced the size of the claspers (Supplementary File 4 and Extended Data Fig. 2 ), RNAi against any of the other nine genes tested, including caps, had no effect on clasper morphology in D. melanogaster (Supplementary File 4). Note that trn RNAi had no effect on the posterior lobes consistent with region C2 only affecting the claspers (Supplementary File 4).
It is thought that the main function of trn is to confer differences in affinity between cells and mediate their correct allocation to compartments in developing tissues such as the nervous system, trachea, eyes, wings and legs (28, 30, 32, (35) (36) (37) . Intriguingly, changes in trn expression can affect the allocation of cells between compartments, cause misspecification of compartmental boundaries, and even result in invasive movements of cells across such boundaries (33, 36, 37). Our RNA-Seq data indicates that trn is more highly expressed in D. simulans during early terminalia development, but is subsequently up-regulated in D.
mauritiana at a later stage (Supplementary File 3). However, these data correspond to the sum of all the expression domains of trn throughout the terminalia at each of these stages and may conceal more subtle localised expression differences between these species in specific tissues like the developing claspers. Therefore, we investigated the spatial pattern of trn melanogaster where knockdown of trn results in the loss of trn expression at the base of the claspers (Extended Data Fig. 2b ) and the development of smaller claspers (Extended Data Fig. 2a ). Together, these results suggest that the higher and/or more persistent expression of the trn mau allele relative to the trn sim allele in the developing claspers is responsible for the larger claspers in D. mauritiana.
Quantitative analysis of trn ISH confirmed that males containing trn mau : Dmau D1 and IL43, exhibit a larger expression domain at the base of the developing claspers at stage 5 (50 hAPF for Dmau D1 and 46 hAPF for Dsim w 501 and ILs) than those containing trn sim :
Dsim w 501 and IL16.30 ( Fig. 3d and Supplementary File 5a). Moreover, although at stage 6, IL43 and IL16.30 seem to recapitulate the pattern observed in Dsim w 501 (i.e. trn expression no longer detected, data not shown), we found that just before this, between stages 5 and 6 (48 hAPF in these ILs and D. simulans, Extended Data Fig 3) , there was variability in the presence of trn expression at the base of the developing claspers: expression was observed in 21% of IL16.30 males (i.e. males with trn sim ), while in 74% of IL43 males (i.e. males with trn mau ) ( Fig. 3e and Supplementary File 5b). These data further supports the hypothesis that spatial and/or temporal divergence in the expression of trn underlies differences in clasper size between D. simulans and D. mauritiana.
We also carried out ISH for CG11279 and caps (which are both also expressed in the terminalia, Supplementary File 3) and CG34429 (which we were unable to knockdown in D. melanogaster). This showed that, unlike trn, these genes are either not expressed in the developing genitalia or not in a pattern consistent with a role in clasper development and evolution (Extended Data Fig. 4 ). For example, although caps expression in the male genitalia is generally similar to that of trn, caps transcripts were never detected at the base of the developing claspers ( Fig. 3a and 3b and Extended Data Fig. 4a ).
There are a total of 22 nucleotide differences in the coding sequence of trn between our mapped strains, Dmau D1 and Dsim w 501 , and only three of these are non-synonymous (Supplementary File 6). Although none of these substitutions are fixed between the two species, they could be responsible for the difference in clasper size between the two strains used in this study. However, comparison of clasper size between strains of D. simulans and D. mauritiana with different combinations of amino acids at these three sites suggests that none of them contributes to the difference in clasper size between D. mauritiana and D. simulans (Extended Data Fig. 5 and Supplementary File 2e). Furthermore, the clasper size of the two mapped strains is well within the range of their corresponding species (Extended Data Fig. 1 and Supplementary File 2d). Taken together our mapping, RNAi in D.
melanogaster, and expression analysis in developing claspers, suggest that it is most likely that cis-regulatory changes in trn underlie differences in clasper morphology between D.
mauritiana and D. simulans.
To confirm that sequence divergence in trn contributes to the difference in clasper morphology between Dmau D1 and Dsim w 501 , we used CRISPR/Cas9 to make null alleles of 6 ). We then generated reciprocal hemizyotes for trn i.e. genetically identical male flies that differ only in whether they have a functional copy of trn from D. mauritiana or D. simulans ( Fig. 4a ) (38). Comparison of the claspers between male reciprocal hemizyotes of trn shows that flies with a functional D. mauritiana trn allele have significantly larger claspers (p < 0.001) with more bristles (p < 0.05) than those with a functional D. simulans trn allele ( Fig. 4 b, Supplementary File 2c). This confirms that, consistent with the effects of the introgressions containing trn (Fig. 2) , the D. mauritiana trn has evolved to confer larger claspers than D. simulans trn.
trn is the first gene to be identified that underlies the rapid evolution in the size of a male genital organ and more generally one of the first loci found to contribute to natural variation in animal organ size (e.g. 39, 40, 41). While there are many examples of phenotypic evolution caused by changes in the expression of transcription factors and signalling molecules (42), including differences in genital bristles between other Drosophila species (43) , trn encodes a leucine-rich repeat domain transmembrane (28, 30, 32, 33, 36, 44) . trn appears to mediate affinity differences in cell-cell contact directly through its extracellular domain, directing mispositioned cells towards cues that are currently unknown (33, 36). Our 8 results suggest that differences in trn expression in Drosophila are able to alter clasper size.
Therefore, changes in cell affinity caused by variation in the temporal and/or spatial expression of transmembrane proteins that mediate cell affinity may represent a new mechanism for the evolution of organ size. However, there is also some evidence that trn could act as a ligand and may transduce signals, although its intracellular domain appears to be dispensable for most of its functions (28, 30, 33, 44) . Therefore, further study into the function of trn and characterisation of its role in organ size regulation and evolution is required.
Materials and Methods

Introgression mapping and phenotyping
We generated new recombinants from introgression line D11.01, which contains D. Files 1 and 7) . Novel recombinants were identified using restriction fragment length polymorphisms (RFLPs) and then maintained as homozygous stocks. Flies were phenotyped and genotyped as described previously (19) , using molecular markers (Supplementary File 7). All stocks and crosses were maintained on a standard cornmeal diet at 25°C under a 12-h:12-h dark/light cycle unless otherwise stated.
The posterior lobes were dissected away from the claspers and anal plates, and T1 legs were also retained. The claspers and T1 tibia were mounted in Hoyer's medium, and images were taken using a Zeiss Axioplan light microscope at X250 magnification for the claspers and X125 for the T1 legs, using a DFC300 camera. Clasper area (see shaded area in Fig. 2b ) and tibia length were measured manually using ImageJ (46) , and bristle number counted for each clasper. T1 tibia length was used as a proxy for body size, in order to control for the consistency in rearing conditions. Most introgression lines showed no difference in T1 tibia length (Supplementary File 2a), and since genitalia are hypoallometric (13, 17, 18, [47] [48] [49] , the phenotypic data was not further corrected for body size.
We first tested the normality of the introgression lines duplicates. Depending on the result of this analysis, we conducted either a Kruskal-Wallis followed by a Wilcoxon rank sum test, or an ANOVA followed by a Tukey's test in order to determine any significant 9 differences between duplicates. If duplicates were not significantly different from each other, the phenotypic measurements were combined. We then compared the phenotype of each the introgression lines to the parental Dsim w 501 strain using a Dunnett's test (Supplementary File 2a). Region C2 was determined by conducting a Kruskal-Wallis (X 2 = 92.4, p < 0.001, df = 3) followed by a Wilcoxon rank sum test (clasper bristle number) and an ANOVA (F (5, 219) = 42.9, p < 0.001) followed by Tukey's test (clasper area) between IL 43, IL16.14 and IL16.30, IL82 (Supplementary File 2b) . The effect of introgression lines was calculated as a percentage of the difference between the parental Dsim w 501 and Dmau D1 strains and was averaged over all lines used to map C2 to determine final effect size ( Supplementary File 2a) .
All statistical analyses were conducted in R Studio. Raw phenotypic data is available in Supplementary File 2f.
Scanning electron microscopy
For intact male Drosophila genitalia, the fly heads were removed and flies placed into fixative (2% PFA, 2.5% GA in 0.1 M NaCac buffer) for 2 hours. To visualise the claspers, genitalia were dissected in Hoyer's and then placed into fixative. Samples were washed in water and fixed in 1% Osmium over night at 4°C. Osmium was removed, flies washed with water and then taken through a series of ethanol dilutions up to 100% ethanol for dehydration. After 24 hours of 100% ethanol, flies were processed in a critical point dryer and mounted to SEM stubs with Conductive Silver Epoxy (Chemtronics) or coated carbon tabs and gold coated for 30 seconds using a sputter coater. Genitalia were imaged at 2560 × 1920 px in a Hitachi S-3400N SEM in SE mode at 5 kV. Working distance ranged between 7 and 10 mm.
RNA sequencing and differential expression analysis
We generated three independent biological replicates of RNA-Seq libraries for Dsim w 501 and 
RNAi knockdown of C2 candidate genes
We conducted an RNAi knock down of all the genes within region C2 (with the exception 
trn sequence analysis
To evaluate if any of the nucleotide differences in the coding sequence of trn were fixed between species we took advantage of two population datasets available for D. simulans and D. mauritiana. One of these datasets consists of Pool-seq data from 107 strains of D.
mauritiana and from 50 strains of sub-Saharan D. simulans (53, 54) available at http://www.popoolation.at/pgt/. To compare allele frequency at the same sites between the two Pool-seq datasets we used a script, kindly provided by Ram Pandey, that aligns the genomes of both species using MAUVE (55) and retrieves the corresponding coordinates and To assess the association between each of three non-synonymous amino acid differences and clasper divergence between our mapped strains, we measured clasper size and clasper bristle number of D. simulans and D. mauritiana strains with different combinations of the three non-synonymous amino acid differences using the methodology described above. For raw phenotypic data, see Supplementary File 2f.
In situ hybridisation
Staged male pupae which had been incubated at 25°C were flash-frozen on a metal heat block cooled to -80°C. The posterior third of the pupae were cut off and fixed in 4% paraformaldehyde/PBT for half an hour, and washed in methanol and stored at -20'C.
Before the in situ, the vitelline membranes were peeled away in ice cold methanol. Note that the stages collected in D. simulans and D. mauritiana are different, due to our observation that our Dmau D1 strain develops approximately 4 hours more slowly than Dsim w 501 (Extended Data Fig. 3 ). 
Quantifying temporal and spatial trn expression
To investigate potential differences in trn expression domain between introgression lines used to map the C2 interval, in situ hybridisations were carried out using the above methodology at 46 hAPF in Dsim w 501 , IL 16.30, IL 43, and 50 hAPF in Dmau D1 (this is the time point that the most profound differences in trn expression could be visually detected between the parental species (see Fig. 3a and 3b) , and lines were determined to be morphologically equivalent at these stages, see Extended Data Fig. 3 ). Samples were grouped by the timing the stain was left to develop, mounted in 80% glycerol and imaged using a Zeiss Axioplan light microscope at X125 magnification. Genital arch area and the area of trn clasper expression domain were manually measured blind using ImageJ (46) . For raw measurements of the trn clasper expression domain, see Supplementary File 5c.
Differences in the size of the trn expression domain was assessed using a one-way ANOVA followed by a Tukey's test (Supplementary File 5a).
Temporal differences in trn expression were tested by recording the presence/absence of expression at the base of the clasper following trn in situ hybridisation (see above in situ hybridisation protocol) in IL 16.30 and IL 43 at 48 hAPF. Samples were mounted in 80% glycerol and the presence or absence of trn at the base of the clasper was manually counted for 25 -30 samples per line ( Supplementary File 5b) .
Generation of reciprocal hemizygotes and statistical analysis
We generated a double-stranded cut 121 bp into the first coding exon of trn, resulting in a frameshift mutation. The cut was mediated by pCFD3 gRNA plasmid and pHD-DsRedattp donor plasmid co-injected by The University of Cambridge Department of Genetics Fly Facility at 0.1ug/ul and 0.5ug/ul respectively, into Dsim w 501 and IL43 which endogenously 1 3 express Cas9 from the X chromosome. These strains were generated by introgressing the X chromosome from y w p{nos-Cas9, w + } in pBac{3XP3::EYFP,attp} sim 1087, which was kindly provided by David Stern (56) . The cut site of two transgenic stocks were verified from each of the injected strains (Extended Data Fig. 5a and 5b) . Transgenic
Dsim w 501 and IL43 males heterozygous for the mutation were then crossed to noninjected IL43 and D. simulans w 501 virgins respectively. These crosses were amplified and the F1 males carrying the mutation (hemizygous for trn allele) were phenotyped as described previously (Extended Data Fig. 6c ). For raw phenotypic data, see
In order to assess the effect of trn reciprocal hemizygotes to clasper phenotype, we first tested for normality and merged measurements from identical trn reciprocal hemizygotes (as described previously). We then conducted an ANOVA followed by a Tukey's test for clasper bristle number, clasper area, tibia length and posterior lobe size between reciprocal hemizygotes (Supplementary File 2c).
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